1. Introduction {#sec1-ijms-19-01813}
===============

The current abundance and toxicity of lead (Pb) makes it the second most dangerous environmental poison, according to the Agency for Toxic Substances and Disease Registry's Priority Substance List \[[@B1-ijms-19-01813]\]. Although leaded petrol has been removed from use in many countries (e.g., in 1976--1986 in the United States of America (USA), and in 2005 in the European Union (EU), Pb compounds are still being used in aviation fuels. In addition, although the sale of lead paints was banned in the USA in the late 1970s, and in the EU in 1992, they are still used in the restoration and preservation of historic buildings and art \[[@B2-ijms-19-01813],[@B3-ijms-19-01813],[@B4-ijms-19-01813]\]. Importantly, no lowest safe concentration exists for Pb, which contributes to 0.6% of the global burden of disease \[[@B5-ijms-19-01813]\].

Pb has been shown to exert a negative effect on the immune system---a key element in inflammation, consisting of defensive reactions to injury in a living organism \[[@B6-ijms-19-01813]\]. The basic elements of the cellular immune response to an inflammatory factor are monocytes/macrophages, B and T lymphocytes, natural killer (NK) cells, and granulocytes \[[@B7-ijms-19-01813]\]. Inflammatory reactions also crucially depend on humoral factors, which include plasma coagulation; kinin and complement systems; intracellular chemicals (histamine, serotonin, and lysosomal enzymes); and specific inflammatory mediators, such as prostaglandins, leukotrienes, platelet activating factor (PAF), and cytokines (TNF-α, IL-1, IL-2, IL-6, IL-8, IL-15, IFNγ). The mediators responsible for the inflammatory process can be subdivided into early mediators (TNF-α, IL-1, IL-6, IL-8), known as activators, and secondary mediators (arachidonic acid metabolites, proteases, reactive oxygen species---ROS, nitric oxide---NO), known as effector mediators, which are directly responsible for functional and structural damage to cells. Also crucial for the development of the inflammatory process is the endothelium of blood vessels, whose activation by inflammatory mediators is well documented \[[@B8-ijms-19-01813],[@B9-ijms-19-01813]\].

The immune system seems to be one of the more sensitive targets of Pb. Although at environmental low concentrations, Pb is not able to cause overt damage to the main immune cells, and does not result in the deficiencies of immune cells that are determined by routine tests, it does adversely affect the regulation and function of immune cells \[[@B10-ijms-19-01813]\]. In our previous review, we presented recent literature on the effect of Pb on inflammation in the brain, particularly the expression of selected cytokines, activity of enzymes, and expression of receptors participating in inflammatory processes \[[@B11-ijms-19-01813]\]. We also presented evidence that exposure to Pb may result in microgliosis and astrogliosis by triggering a signaling cascade and the production of proinflammatory cytokines \[[@B11-ijms-19-01813]\]. In the present review, we summarize the most recent evidence that Pb can cause generalized inflammation in the body, and discuss possible molecular and biochemical mechanisms of its proinflammatory action.

2. The Effect of Pb on Cytokines {#sec2-ijms-19-01813}
================================

Cytokines are bioactive proteins produced by many cells of the immune system. They are key mediators of the inflammatory response; influencing the interaction and communication between cells; and stimulating their movement towards the sites of inflammation, infections, and injuries.

2.1. Interleukins 2 and 4 (IL-2 and IL-4) {#sec2dot1-ijms-19-01813}
-----------------------------------------

Interleukin-2 (IL-2) is a cytokine indispensable for proper growth, proliferation, and differentiation of T lymphocytes. It directs the development of ThO lymphocytes towards Th1 \[[@B12-ijms-19-01813]\]. Interleukin-4 (IL-4), on the other hand, acts extensively on B lymphocytes and is one of the most important factors stimulating the production of IgE-class antibodies. It induces T-cell proliferation and enhances Th2 differentiation \[[@B13-ijms-19-01813]\].

The effect of Pb on the levels of IL-2 and IL-4 in mouse blood serum was investigated by Iavicoli et al. (2006) \[[@B14-ijms-19-01813]\]. For this purpose, female Swiss mice were given a feed containing lead acetate (PbAc) at different concentrations. Administration began the first day after copulation, which was considered the first day of pregnancy of the mice. The same feed that was given during the pregnancy was continued during lactation, and was also given to the offspring for nine months following weaning. At the end of the exposure, blood levels of lead (Pb-B) in the offspring and possible changes in serum IL-2 and IL-4 were measured. Significant increases in IL-4 production were observed at higher concentrations of Pb in the diet (40 and 400 ppm), although with a significant decrease in IL-2 production. Importantly, the lowest concentration of Pb in the diet (0.02 ppm), which corresponded to a level of Pb-B of 0.8 μg/dL, increased production of IL-2 and significantly decreased IL-4 production \[[@B14-ijms-19-01813]\]. According to the authors of the study, these results provide evidence of a reversal of cytokine production depending on blood Pb levels \[[@B14-ijms-19-01813]\].

2.2. Interleukin 8 (IL-8) {#sec2dot2-ijms-19-01813}
-------------------------

Interleukin (IL-8) is a proinflammatory cytokine and a potent chemotactic agent for neutrophils that is produced by many types of cells, including epithelial and endothelial cells \[[@B15-ijms-19-01813]\]. In numerous in vitro and in vivo models, IL-8 has been implicated in angiogenesis and metastasis \[[@B16-ijms-19-01813]\].

In a study by Lin et al. (2015), human gastric adenocarcinoma cells (AGS cells) were stimulated with 0.1 μM Pb(NO~3~)~2~, which induced activation of the *IL-8* gene \[[@B17-ijms-19-01813]\]. A previous study by the same team of researchers showed that the promoter region of gene *CXCL8* (IL-8 protein is encoded by the *CXCL8* gene) comprises transcription factors, such as activator protein 1 (AP-1), nuclear factor kappa B (NF-κB), and nuclear factor for IL-6 expression (NF-IL6) \[[@B18-ijms-19-01813]\]. Therefore, authors decided to analyze these transcription factors \[[@B17-ijms-19-01813],[@B19-ijms-19-01813]\] and demonstrated that transcription factor AP-1 was involved in the activation of the Pb-induced *IL-8* gene, whereas the NF-κB transcription factor played only a minor role. In addition, Pb at a concentration of 0.1 μM in AGS cells also induced over-expression of the c-jun protein, a component of heterodimeric protein transcription factor AP-1 \[[@B17-ijms-19-01813]\].

It has been previously suggested that the epidermal growth factor receptor (EGFR) associated with p42/44 MAPK (mitogen activated protein kinase) plays an important role in Pb-induced inflammatory reactions \[[@B20-ijms-19-01813],[@B21-ijms-19-01813]\]. Lin et al. (2015) aimed to determine whether EGFR also plays a role in the activation of the Pb-induced *IL-8* gene, and exposed AGS cells to EGFR inhibitors (PD153035 and AG1478) \[[@B17-ijms-19-01813]\]. The use of these EGFR inhibitors resulted in a decrease in *IL-8* gene activation, but EGFR inhibitors were unable to fully abolish Pb-induced *IL-8* gene activation, which means that other receptors or channels may also play an important role in these signal transduction pathways \[[@B17-ijms-19-01813]\]. The level of p42/44 MAPK phosphorylation induced by Pb was also reduced by both EGFR inhibitors, which indicates that EGFR is involved in the Pb-induced expression of the *IL-8* gene, and p42/44 MAPK may mediate this signal transduction pathway \[[@B17-ijms-19-01813]\].

In order to confirm the contribution of p42/44 MAP kinase to the Pb-induced activation of the *IL-8* gene, Lin et al. (2015) conducted further studies in which 10 μM of selective inhibitor of MAP kinase kinase (MEK)---PD98059---was administered to AGS cells. MEK is also a p42/44 MAPK activator, and earlier studies had shown that p42/44 MAP is a kinase that is often observed to be involved in *IL-8* gene activation \[[@B17-ijms-19-01813],[@B18-ijms-19-01813]\]. The use of the MEK inhibitor (PD98059) resulted in a significant inhibition of *IL-8* gene activation, which confirms the role of p42/44 MAP kinase in the Pb-induced activation of the *IL-8* gene because MEK is a p42/44 MAPK activator, and its inhibition---as described above---results in a significant blocking of *IL-8* gene expression.

In a study by Lin et al. (2015), gastric cancer cells reacted to as little as 0.1 μM Pb(NO~3~)~2~ \[[@B17-ijms-19-01813]\]. Endothelial cells produced IL-8 in response to 0.5 μM of Pb(NO~3~)~2~, whereas peripheral blood mononuclear cells stimulated with PbAc exhibited *IL-8* gene activation at Pb concentrations above 10 μM \[[@B17-ijms-19-01813],[@B22-ijms-19-01813],[@B23-ijms-19-01813]\]. Those observations suggest that the Pb dose required for IL-8 induction depends on the type of cell, and that chronic exposure to even low Pb doses may result in local IL-8 production and inflammation in the gastrointestinal tract, and in adverse conditions in predisposed individuals, it may contribute to the development of gastric cancer ([Figure 1](#ijms-19-01813-f001){ref-type="fig"}) \[[@B17-ijms-19-01813]\].

Another study was conducted to explain the mechanisms underlying the increased synthesis and secretion of IL-8 in endothelial cells isolated from a human umbilical vein in response to Pb at a concentration of 50 μmol/L. It indicated the influence of Pb on transcriptional factor Nrf2 \[[@B23-ijms-19-01813]\]. Inactive Nrf2 is bound to the Kelch-like ECH-associated protein 1 (Keap1) and is found in the cytoplasm \[[@B23-ijms-19-01813]\]. Activation of Nrf2 (e.g., by heavy metal ions) results in a dissociation from Keap1 and migration to the cell nucleus, where it forms a heterodimer with a small Maf protein and binds to the antioxidant response element (ARE) of nuclear DNA via the leucine zipper \[[@B24-ijms-19-01813]\].

Nrf2 is responsible for the induction of xenobiotic-metabolizing enzymes (XMEs), including NQO1 (NAD(P)H/quinone oxidoreductase) \[[@B23-ijms-19-01813]\]. Zeller et al. (2010) observed the up-regulation of NQO1 in endothelial cells in response to Pb at 50 μmol/L, indicating the activation of Nrf2 signaling pathway \[[@B23-ijms-19-01813]\].

Another study showed that the promoter region of the *IL-8* gene contains an antioxidant response element (ARE) that is bound to Nrf2, as mentioned earlier \[[@B25-ijms-19-01813]\]. Therefore, to confirm the key role of Nrf2 in the Pb-induced IL-8 production in endothelial cells, Nrf2 knockdown was performed through siRNA administration. It completely blocked the transcription, translation, and secretion of Pb-induced IL-8. Finally, Zeller et al. (2010) demonstrated that Pb stimulates IL-8 synthesis and secretion in a mechanism dependent on Nrf2 ([Figure 2](#ijms-19-01813-f002){ref-type="fig"}) \[[@B23-ijms-19-01813]\].

The relationship between exposure to Pb and increased IL-8 concentration has also been presented by Yang et al. (2014), who examined Pb levels in the blood of children living near a Pb refinery (Longchang, a city in Sichuan, China) \[[@B26-ijms-19-01813]\]. The study involved 88 unrelated healthy children, divided according to authors of this paper into those with elevated and low blood Pb, that is, according to the U.S. Centers for Disease Control and Prevention (CDC) threshold \[[@B27-ijms-19-01813]\] (44 children with Pb ≥ 10 μg/dL and 44 children with Pb \< 10 μg/dL, although the most recent CDC recommendations suggest that the permissible threshold level for children is Pb \< 5 μg/dL, CDC 2012) \[[@B28-ijms-19-01813]\]. A higher level of IL-8 was shown in the group of children with elevated blood Pb levels \[[@B26-ijms-19-01813]\].

2.3. Interleukins 1b and 6 (IL-1b and IL-6) {#sec2dot3-ijms-19-01813}
-------------------------------------------

Interleukins 1b and 6 are potent proinflammatory cytokines inducing prostaglandin synthesis, neutrophil influx, and activation and proliferation of T and B lymphocytes. Both are mainly synthesized by monocytes and macrophages. They stimulate the synthesis of acute phase proteins and are responsible for increasing body temperature during infection \[[@B29-ijms-19-01813]\].

Dyatlov and Lawrence (2002) investigated how exposure to Pb intensified the symptoms of a bacterial infection in BALB/c mice receiving Pb acetate at 0.5 mM from birth \[[@B30-ijms-19-01813]\]. After 21 days, the juveniles were separated from their mothers and were still given the same Pb acetate solution in drinking water. On day 22, the mice were infected with *Listeria monocytogenes*, and blood serum IL-1b and IL-6 concentrations were measured. Pb significantly increased the infection-induced increase in serum IL-1b when compared with the infection in mice not exposed to Pb. The exposed mice also had a significant increase in serum IL-6 levels \[[@B30-ijms-19-01813]\]. In order to confirm that Pb was responsible for the severity of the symptoms, artificial conditions imitating the infection were created by administering IL-1b and/or IL-6 directly to the mice. The severity of symptoms was observed only in mice injected simultaneously with IL-1b and IL-6. The experiment showed that Pb exacerbated the occurrence of mouse listeriosis symptoms. As the authors point out, the results suggest that children with elevated levels of Pb in the blood may show prolonged and more intense symptoms of bacterial infections \[[@B30-ijms-19-01813]\].

In another study, the team evaluated the effect of Pb on the expression of cytokine genes. The research was carried out in the brain tissue of murine newborns whose mothers received a 0.1 mM solution of lead acetate from the beginning of pregnancy until the 21st day after giving birth. The concentration was selected based on previous studies, showing that concentration taken during pregnancy and lactation resulted in blood Pb levels of 15--20 μg/dL \[[@B31-ijms-19-01813]\], which corresponds to the amount of Pb in the blood of children exposed to environmental pollution \[[@B32-ijms-19-01813]\].

Cytokine expression was tested at 21 days after birth using microarrays, Real-time reverse transcription PCR (real-time RT-PCR), Luminex, and enzyme-linked immunosorbent assay (ELISA). A significant effect of Pb on the expression of TGF-β1 and IL-6 was found in the whole studied brain tissue. The expression of IL-6 mRNA increased in both males and females. That effect increased in the group of females when the concentration of lead acetate increased to 0.5 mM \[[@B33-ijms-19-01813]\]. The increased expression of *TGF-β1* and *IL-6* genes, which persisted during the strong development of the body, may have an adverse effect on the growth and differentiation of neurons \[[@B34-ijms-19-01813]\].

Kishikawa et al. (1998) had previously shown that Pb exposure increases mRNA and IL-6 protein levels in the brains of adult mice treated with lipopolysaccharide (LPS) \[[@B35-ijms-19-01813]\].

2.4. Interferon Gamma (IFNγ) {#sec2dot4-ijms-19-01813}
----------------------------

IFNγ is an important cytokine for innate and adaptive immunity to viral and some bacterial and protozoal infections. It is an important activator of macrophages and an inducer of the expression of molecules of the major histocompatibility complex (MHC) class II \[[@B36-ijms-19-01813]\].

A study by Yücesoy et al. (1997) unequivocally confirmed that occupational exposure to lead can result in a significant decrease in IFNγ \[[@B37-ijms-19-01813]\]. In addition, in many other studies of exposure to Pb resulted in decreased concentrations of IFNγ in plasma \[[@B38-ijms-19-01813]\], serum \[[@B39-ijms-19-01813]\], and splenocytes of rodents \[[@B40-ijms-19-01813]\], and in Th1 cell clones \[[@B38-ijms-19-01813],[@B41-ijms-19-01813]\], but the subcellular mechanism underlying the inhibition of IFNγ production by Pb has not been investigated.

As cellular immunity is largely dependent on IFNγ, it is important to understand the mechanism by which the Pb-induced inhibition of IFNγ production interferes with cellular immunity \[[@B42-ijms-19-01813]\]. For this purpose, Heo et al. (2007) conducted a study to clarify the effect of Pb on IFNγ mRNA expression, kinetics of IFNγ protein biosynthesis, IFNγ protein secretion, and proteasome degradation \[[@B42-ijms-19-01813]\]. They demonstrated that PbCl~2~ (at 25 μM) did not affect mRNA expression in Th1 cell clones, which suggests that the suppression of IFNγ production by Th1 cells when exposed to PbCl~2~ is not due to a decreased transcription of IFNγ \[[@B42-ijms-19-01813]\]. In the same experiment, IFNγ production was significantly reduced upon addition of Pb (at a concentration of 25 μM) both in Th1 cell supernatants and cell lysates when compared with the control, clearly ruling out the inhibition of secretion as a cause of the Pb-induced suppression of IFNγ production \[[@B42-ijms-19-01813]\]. Increased intracellular degradation of IFNγ was not responsible for the lower levels of IFNγ, as the administration of lactacystin to Th1 cells (at concentrations of 10, 100 nM, and 1 µM), which is the most selective inhibitor of proteasome proteolysis, did not prevent the loss of IFNγ \[[@B42-ijms-19-01813]\]. However, the study revealed that exposure of Th1 cells to Pb, resulting in reduced synthesis of IFNγ, may be due to selective inhibition in the initial translation stages (where protein production is not inhibited by Pb) \[[@B42-ijms-19-01813]\].

In another study by Kamińska et al. (1998), the ingestion of 5 mg Pb/kg body weight once a day for four weeks was used to estimate the effect of Pb on IFNγ levels in cows \[[@B43-ijms-19-01813]\]. Blood was collected prior to the initial treatment with Pb and again after 3, 7, 14, 21, and 28 days for the determination of plasma IFNγ levels \[[@B43-ijms-19-01813]\]. The effect of Pb on IFNγ levels in the cows depended on whether it was determined in plasma or leukocytes. IFNγ increased in plasma but dropped in ex vivo leukocytes, which shows that Pb can exert a dysregulatory effect on IFNγ levels in the blood \[[@B43-ijms-19-01813]\].

Radbin et al. (2014) investigated the influence of Pb and Cu on the expression of IFNγ and interleukin 4 (IL-4) \[[@B44-ijms-19-01813]\], and for this purpose, adult BALB/c mice were given a solution of Cu(NO~3~)~2~ at 2 mg/L or Pb(NO~3~)~2~ at 0.3 mg/L. After 15 days of the experiment, spleen samples were collected from the mice to determine the expression of *IL-4* and *IFNγ* genes. The authors of the study showed an increased expression of the *IFNγ* gene in both groups. However, that increase was more significant in the Pb group. *IL-4* gene expression increased in the group of animals receiving Cu, whereas in Pb-treated mice, the expression of this cytokine decreased \[[@B44-ijms-19-01813]\].

2.5. Tumor Necrosis Factor Alpha (TNF-α) {#sec2dot5-ijms-19-01813}
----------------------------------------

TNF-α is a multifunctional cytokine that exerts pleiotropic biological effects in various tissues. It is produced mainly by activated macrophages and lymphocytes at the site of inflammation, and together with IL-6 and IL-1, it participates in local and systemic inflammatory reactions \[[@B29-ijms-19-01813]\].

In a study by Guo et al. (1996), human peripheral blood mononuclear cells (PBMCs) collected from healthy donors were treated with 1 ng/mL of lipopolysaccharide (LPS) in the presence of various concentrations of PbCl~2~ (0, 10, and 50 μM) in order to assess the impact of Pb on the expression of TNF-α and soluble forms of tumor necrosis factor receptors (TNF-Rs), and to understand the mechanisms responsible for the increased expression, uptake, and reactivity of TNF-α \[[@B45-ijms-19-01813]\].

In that experiment, Pb caused an increase in total TNF-α cell expression in PBMC (+1 ng/mL LPS), but it did not affect the level of TNF-α mRNA, both in the presence and absence of 1 ng/mL of LPS, indicating that increased TNF-α expression occurs via post-transcriptional mechanisms ([Figure 3](#ijms-19-01813-f003){ref-type="fig"}) \[[@B45-ijms-19-01813]\].

The third prime untranslated region (3′-UTR) of TNF-α mRNA contains the AUUUA sequence, which normally represses translation, but this repression may be abolished by phosphorylation of the protein that binds the AUUUA sequence elements via mitogen-activated protein kinase (MAPK)--CSBP (cytokinin specific binding protein) kinase pathway, which results in the release of the binding protein and thereby suppresses the inhibitory effect on TNF-α translation \[[@B9-ijms-19-01813]\]. Pb has been shown to activate protein kinase C in rat brains, and so it may also have an effect on CSBP kinase activation \[[@B46-ijms-19-01813]\]. In addition, in a study by Guo et al. (1996), Pb increased the expression of TNF-α in PBMC (+LPS) through post-transcriptional mechanisms \[[@B45-ijms-19-01813]\].

There are two forms of TNF-α: soluble sTNF-α and membrane-bound mTNF-α. A study by Guo et al. (1996) showed that Pb can also increase the secretion of TNF-α protein by PBMC (+LPS) by increasing the conversion of factor-α to sTNF-α \[[@B45-ijms-19-01813]\]. The soluble form is responsible for a significant part of the biological activity of TNF-α, including stimulation of the inflammatory response. That increased conversion may be due to a Pb-induced increase in the activity of the metalloproteinase converting enzyme or an increase in TNF-α protein synthesis \[[@B45-ijms-19-01813]\]. TNF-α works via two types of tumor necrosis factor receptor: TNF-R1 (CD120α, p55, p60) and TNF-R2 (CD120β, p75, p80) \[[@B45-ijms-19-01813]\]. TNF-R1 is responsible for cytotoxicity and many detrimental aspects of TNF-α, while TNF-R2 can facilitate TNF-α binding to TNF-R1 \[[@B47-ijms-19-01813]\]. Both types of this receptor can be decomposed by TACE (tumor necrosis factor alpha converting enzyme) (metalloproteinase) to form so-called soluble forms (sTNF-R1, sTNF-R-2) that are natural TNF-α inhibitors \[[@B48-ijms-19-01813]\]. In an experiment carried out by Guo et al. (1996), Pb increased TNF-α uptake and reactivity by increasing TNF-R p55 expression, but it did not show any effect on TNF-R p75 expression \[[@B45-ijms-19-01813]\]. Ultimately, the experiment showed that Pb affected the expression of TNF-α and TNF-R in human peripheral blood mononuclear cells (PBMCs). All of the aforementioned mechanisms may be responsible for the severity of organ damage and mortality in experimental animals exposed to LPS and Pb, and administration of the anti-TNF-α antibody can fully protect experimental animals against both LPS- and Pb-dependent mortality \[[@B45-ijms-19-01813]\].

Abundant evidence indicates that heavy metals may affect the activity of LPS, a potent inducer of TNF-α in vivo and in vitro \[[@B49-ijms-19-01813],[@B50-ijms-19-01813]\]. Animal studies have shown that Pb increases mortality caused by LPS \[[@B51-ijms-19-01813]\]. The current hypothesis for LPS-induced mortality is the massive production and release of TNF-α by many different cells, including macrophages, monocytes, and T and B lymphocytes. For example, 50% of human macrophages undergoing in vitro stimulation of LPS showed surface TNF-α expression after 24 h \[[@B52-ijms-19-01813]\]. LPS binding by CD14 receptor and TLR4 receptor triggers multiple signaling pathways that activate NF-κB and p42/44 mitogen-activated protein kinase (MAPK), leading to the expression of proinflammatory cytokines, including TNF-α.

Cheng et al. (2006) conducted a study to identify the cells responsible for the overproduction of TNF-α following co-exposure to LPS + Pb, and to determine the role of protein kinase C (PKC) and p42/44 MAPK in the induction of this production \[[@B50-ijms-19-01813]\]. Liver damage in mice was treated as a biological endpoint to investigate the mechanism of increased TNF-α induced by LPS + Pb. Hewett et al. (1993) also found that high doses of LPS resulted in excessive production of TNF-α and consequently liver damage \[[@B53-ijms-19-01813]\]. TNF-α induces the apoptosis of hepatocytes by Fas-associated proteins with death domain (FADD) signaling, resulting in caspase activation (the blocking of TNF-α production or TNF-α signaling pathways with caspase inhibitors reduces TNF-α-induced hepatic injury) \[[@B54-ijms-19-01813],[@B55-ijms-19-01813],[@B56-ijms-19-01813]\].

In the study by Cheng et al. (2006), A/J mice were intraperitoneally administered with Pb (100 μmol/kg), LPS (5 mg/kg), Pb + LPS (Pb 100 μmol/kg, LPS 5 mg/kg), or saline control. To determine serum TNF-α levels, blood was taken 1.5 h after intraperitoneal administration and again 24 h later to measure the levels of aspartate transaminase (AST) and alanine transaminase (ALT), the markers of liver damage. Serum TNF-α levels were undetectable in the A/J mice receiving saline or only Pb. The LPS-treated mice had a small amount of TNF-α in serum (\<250 pg/mL) and showed a slight increase in AST (300 U/L) and ALT (30 U/L). The mice receiving Pb + LPS had serum TNF-α levels of about 2 ng/mL, which confirms the significant effect of Pb on LPS-induced TNF-α production. The mean levels of AST and ALT were also significantly elevated in the Pb + LPS group, at 720 U/L and 600 U/L, respectively, indicating severe liver damage \[[@B50-ijms-19-01813]\]. As Comalada et al. (2003) demonstrated that LPS induces TNF-α-induced apoptosis in macrophages too \[[@B57-ijms-19-01813]\], Cheng et al. (2006) wanted to confirm the relationship between TNF-α and hepatic injury through intraperitoneal injection of pentoxifylline (PTX) to the A/J mice (PTX being a potent inhibitor of TNF-α transcription in vivo) \[[@B50-ijms-19-01813]\]. The mice that were given PTX at 100 mg/kg (1 h before Pb + LPS administration) showed lower blood TNF-α levels when compared with those not given PTX. AST and ALT levels were also significantly reduced after exposure to PTX.

Monocyte/macrophages are the main sources of TNF-α in inflammatory and infectious conditions \[[@B58-ijms-19-01813]\]. In order to confirm whether macrophages/monocytes are involved in liver damage caused by co-exposure to Pb + LPS, Cheng et al. (2006) inactivated macrophages/monocytes with GdCl~3~ (40 mg/kg) 24 h prior to Pb + LPS administration \[[@B50-ijms-19-01813]\]. GdCl~3~ caused a decrease in serum TNF-α levels in mice that received Pb + LPS. It also reduced serum AST and ALT levels. It demonstrated that monocytes/macrophages are responsible for the production of excess TNF-α in co-exposure to Pb + LPS, which causes liver damage. The inactivation of these follicular cells and blocking of signaling pathways for TNFα production can be effective in alleviating liver damage \[[@B50-ijms-19-01813]\].

Cheng et al. (2006) also demonstrated that p42/44 MAPK phosphorylation increased in peritoneal macrophages and RAW264.7 cells (murine macrophage cell line) in the Pb + LPS group, indicating that p42/44 MAPK signaling pathways are involved in increasing TNFα expression caused by co-exposure to Pb + LPS \[[@B50-ijms-19-01813]\]. To confirm the contribution of PKC and p42/44 MAPK in the induction of TNF-α expression, mice were intraperitoneally given an MEK1 and MEK2 inhibitor (U0126 25 μmol/kg) and a PKC inhibitor chelerythrine chloride (C21H18NO4Cl 5 mg/kg) before exposure to Pb, LPS, or Pb + LPS. Both U0126 and C21H18NO4Cl significantly suppressed TNF-α expression induced by Pb + LPS and effectively decreased serum AST and ALT levels. Thus, the use of the PKC and p42/44 MAPK inhibitors showed that PKC and p42/44 MAPK are involved in Pb + LPS-induced TNF-α expression in peritoneal macrophages and RAW264.7 cells.

In addition, Cheng et al. (2006) also demonstrated that Pb (10 μM) significantly increased TNF-α expression induced by low LPS doses (0.1 to 1 ng/mL) in murine peritoneal macrophages isolated by rinsing the peritoneal cavity of A/J mice in 10 mL of sterile phosphate buffer. Pb also increased the expression of TNF-α in RAW264.7 cells after administration of LPS at 1 or 10 ng/mL, with the effect being more pronounced for 10 μM Pb than for 1 μM Pb \[[@B50-ijms-19-01813]\].

To sum up, Cheng et al. (2006) showed the synergistic effect of Pb + LPS (co-exposure of mice to Pb + LPS strongly induced TNF-α expression in macrophages in the whole blood and peritoneal macrophages) \[[@B50-ijms-19-01813]\]. Although separate administration of Pb or LPS only slightly increased MAPK phosphorylation in peritoneal macrophages, co-exposure to Pb + LPS induced p42/44 MAPK phosphorylation and TNF-α expression.

In another study on the effect of Pb on TNF-α levels, dairy cows were given Pb orally at 5 mg/kg body weight once daily for four weeks \[[@B43-ijms-19-01813]\]. Blood was collected prior to the initial treatment and again 3, 7, 14, 21 and 28 days later for plasma TNF-α determination. The effect of Pb on TNF-α depended on whether TNF-α was measured in plasma or leukocytes. There were significant differences; plasma TNF-α increased, but in ex vivo leukocytes TNF-α levels did not change when compared with controls.

3. Influence of Pb on Enzymes Involved in Inflammation {#sec3-ijms-19-01813}
======================================================

3.1. Cyclooxygenase 2 (COX-2) {#sec3dot1-ijms-19-01813}
-----------------------------

Chang et al. (2011) conducted a study on vascular smooth muscle cells, in which 1 μM Pb induced the production of inflammatory mediators, such as prostaglandin E2, by activating the transcription of genes encoding COX-2 and cytosolic phospholipase A2 with the epidermal growth factor receptor (EGFR), the main receptor responsible for the transduction of Pb-induced signals in these cells \[[@B21-ijms-19-01813]\].

The use of an MEK inhibitor PD98059 resulted in the suppression of Pb-induced inflammation, which indicates the involvement of extracellular signal-regulated kinases 1 and 2 p42/44 MAPK in the Pb-induced signal transduction pathway \[[@B21-ijms-19-01813]\]. These findings inspired other researchers to conduct analyses to determine exactly which transcription factors are responsible for the transmission of toxic Pb signals to the nucleus, resulting in COX-2 activation. For example, Chou et al. (2011) researched the mechanism by which EGFR regulates inflammatory genes, such as *COX-2*, using the A431 epidermal carcinoma cell line with a high EGFR expression \[[@B20-ijms-19-01813]\]. The researchers determined the levels of COX-2 mRNA and COX-2 protein after exposing cells to 1 μM Pb(NO~3~)~2~ and found increased activity of the *COX-2* gene and its promoter, and increased expression of the COX-2 protein \[[@B20-ijms-19-01813]\]. Then, in order to identify sites in the *COX-2* gene promoter that are responsible for the effects of the Pb activity, the *COX-2* gene promoter region was examined in the range of −918 to −80 bp \[[@B20-ijms-19-01813]\]. The *COX-2* gene promoter has several potential transcription factor binding sites, such as the cAMP response element (CRE), SP1 (stimulatory protein 1), NF-κB, NFAT/NF-IL6 (nuclear factor of activated t-cells/nuclear factor interleukin 6), and the TATA box \[[@B59-ijms-19-01813]\]. Activation of the gene by these transcription factors usually depends on the cell type and the signaling pathway \[[@B20-ijms-19-01813]\].

Lipopolysaccharides can induce expression of the *COX-2* gene by NFAT/NF-IL6 in vascular endothelial cells, while cellular hypoxia activates COX-2, probably via transcription factors such as SP1 and NF-κB \[[@B60-ijms-19-01813],[@B61-ijms-19-01813]\]. Nevertheless, the components required for COX-2 activation by Pb are not yet fully understood. In a study by Chou et al. (2011), removal of the region up to 250 bp (CRE and NFAT/NF-IL6 binding sites remained intact) abolished the response to Pb(NO~3~)~2~ \[[@B20-ijms-19-01813]\]. These results suggest that CRE and NFAT/NF-IL6 are not required to activate the Pb-mediated transcription of the *COX-2* gene. Three other binding sites of other transcription factors (AP2, SP1, and NF-κB) in the *COX-2* gene promoter region (from 918 to 250 bp) were further investigated by Chou et al. (2011) \[[@B20-ijms-19-01813]\]. However, the promoter deletion analysis did not clearly show which binding sites were involved in *the COX-2* gene response to Pb. NFκB inhibitor (BAY 11-7082) was then used, resulting in the Pb-induced inhibition of COX-2 mRNA and protein expression, as well as inhibition of *COX-2* gene promoter activity. Similar results were obtained by blocking NF-κB by siRNA in A431 or CRL1999 cells (smooth muscle cells). These observations confirm the hypothesis that NF-κB is a necessary mediator of the inflammatory cellular response to Pb. EGFR inhibitors (AG1478/PD153035) were also shown to block Pb-induced *COX-2* gene activation and prevented NF-κB translocation into the nucleus, with EGFR siRNA significantly suppressing COX-2 mRNA expression and Pb-induced COX-2 protein synthesis.

In conclusion, Chou et al. (2011) underlined the role of EGFR/NF-κB in regulating COX-2 activity in cells during exposure to Pb, and showed that studies on EGFR and NF-κB inhibitors may lead to new ways of treating vasculitis caused by occupational and environmental exposure to lead \[[@B20-ijms-19-01813]\]. According to those authors, there may also be other binding sites and transcription factors that can mediate COX-2 expression via alternative pathways. Further research in cell cultures of various organs, as well as in vivo, is needed to determine the molecular mechanisms of COX-2 regulation and pathogenesis of lead toxicity. Stimulation of the A431 epidermal carcinoma cell line by Pb(NO~3~)~2~ (with EGFR receptor) induces translocation of NF-κB transcription factor into the nucleus, affecting *COX-2* gene activity \[[@B20-ijms-19-01813]\].

The effect of Pb on COX-2 was also shown in a study by Simões et al. (2015), in which the thoracic aortas of Sprague Dawley rats were isolated to prepare a primary culture of vascular smooth muscle cells (VSMC) \[[@B62-ijms-19-01813]\]. VSMC, incubated with a 20 μg/dL solution of Pb acetate for 48 h, had an increased level of COX-2 mRNA \[[@B62-ijms-19-01813]\], accompanied by increased expression of COX-2 protein. There were no changes in the expression of COX-1 protein. Earlier observations had shown that changes in COX-2 expression and activity may be affected by MAPK pathways \[[@B63-ijms-19-01813],[@B64-ijms-19-01813]\]. Simões et al. (2015) also checked whether MAPK could be responsible for the observed changes in Pb-induced COX-2 mRNA expression in VSMC. The authors observed a time-dependent stimulation of p42/44 MAPK by Pb (over 30--60 min), but they did not observe this stimulation after long exposures (i.e., after 3 and 24 h). On the other hand, p38 was activated by Pb only after long exposure (i.e., after 24 h). In order to confirm that the p38 and p42/44 MAPK pathways are involved in the activation of COX-2, the authors investigated the effect of inhibitors on COX-2 expression. They showed that U0126 (MEK1 and MEK2 inhibitor) and SB203580 (p38 inhibitor) canceled the induced COX-2 mRNA expression in the VSMC culture. These results may indicate that the activation of proinflammatory COX-2 protein in response to Pb is mediated by signaling pathways p38 and p42/44 MAPK \[[@B62-ijms-19-01813]\]. Nevertheless, the molecular mechanisms and signaling pathways still require further intensive studies.

Tsai et al. (2015), in a study on human A431 squamous carcinoma cells treated with Pb(NO~3~)~2~, also confirmed the effect of Pb ions on COX-2 expression \[[@B65-ijms-19-01813]\]. Although cells exposed to Pb (1 μM) experienced no changes in the gene expression of DNMT1 and DNMT3b (DNA-methyltransferases), a decrease in the expression of the *DNMT3a* gene was observed. In cells cultured with a methyltransferase inhibitor DAC (5-aza-2′-deoxycytidine), Pb significantly increased the expression of COX-2 mRNA when compared with cells exposed only to Pb. Additionally, the formation of Rb--E2F1 complexes, after binding of Pb to the EGFR receptor, increased the expression of COX-2 by affecting the DMNT3a promoter. Tsai et al. (2015) also indicated inhibited COX-2 transcription in the cell nucleus, resulting in an insufficient amount of enzyme to maintain the repressive methylation of the COX-2 promoter. Consequently, the level of COX-2 mRNA and protein increased. This was confirmed by the results of experiments on EGFR inhibitors (AG1478 and PD153035) and DNMT3a shRNA \[[@B65-ijms-19-01813]\].

3.2. Lipoxygenases {#sec3dot2-ijms-19-01813}
------------------

The lipoxygenases are lipid-peroxidating enzymes implicated in the cell differentiation and biosynthesis of inflammatory mediators \[[@B66-ijms-19-01813]\]. Human peripheral monocytes do not express a 15LOX, however, in macrophages, the enzyme can be detected in large amounts \[[@B67-ijms-19-01813],[@B68-ijms-19-01813]\]. In macrophages, there are two isoforms of 15LOX, including 15LOX-1, which metabolize arachidonic acid to 15-HETE (15-hydroxy-5,8,11,14 eicosatetraenoic acid) and 12-HETE (12-hydroxy-5,8,10,14 eicosatetraenoic acid) \[[@B69-ijms-19-01813],[@B70-ijms-19-01813]\], and linoleic acid to 9+13-HODE (9-hydroxyoctadecadienoic acid, 13-hydroxyoctadecadienoic acid) \[[@B71-ijms-19-01813]\]. Some authors suggest \[[@B72-ijms-19-01813]\] that end products of 15LOX-1 are only required under homeostatic "resident" conditions, but not during acute inflammation, because subcellular relocalization upon acute inflammation does not occur for 15LOX-1 \[[@B72-ijms-19-01813]\].

F~2~-8α isoprostane, 9-HODE, 13-HODE, and thiobarbituric acid reactive substances (TBARS) are markers of the lipid peroxidation process. Fos-8α isoprostane is formed from arachidonic acid, while 9-HODE and 13-HODE are metabolites of linoleic acid peroxidation. TBARS is considered an indicator of systemic lipid peroxidation.

It is well known that human health may be adversely affected even by low concentrations of heavy metals \[[@B73-ijms-19-01813],[@B74-ijms-19-01813]\], especially in women in the reproductive age \[[@B75-ijms-19-01813]\]. Many studies show that heavy metal contributes to increased oxidative processes \[[@B76-ijms-19-01813],[@B77-ijms-19-01813]\].

Pollack et al. (2012) examined the content of Pb and other heavy metals with respect to F~2~-8α isoprostane, 9-HODE, 13-HODE, and TBARS levels in 252 women aged 18--44, in order to assess the relationship between these biomarkers of oxidative stress and hormone levels during a regular menstrual cycle. The concentrations of the analyzed elements in the blood serum of women were relatively low, and resulted from moderate environmental exposure \[[@B78-ijms-19-01813]\]. The results obtained by this team showed that the low blood Pb levels were not associated with an increase in the levels of lipid peroxidation biomarkers (F~2~-8α isoprostane, TBARS, 9-HODE, and 13-HODE) in healthy pre-menopausal women. These results coincide with the outcome of a population study conducted on over 9000 adults above 40 years of age, which showed that exposure to Pb did not correlate with increased levels of inflammatory markers \[[@B79-ijms-19-01813]\].

Kasperczyk et al. (2008) examined populations of healthy and fertile male employees of zinc and lead smelters, occupationally exposed to high levels of heavy metals. Men with blood Pb concentrations below 40 μg/dL had no elevated amounts of lipid peroxidation biomarkers. Decreased sperm motility, most likely because of increased lipid peroxidation, was noticed in men with higher blood lead concentrations (above 40 μg/dL) \[[@B80-ijms-19-01813]\].

We found no reports on the changes in the activity of lipoxygenases responsible for the formation of hydroxyoctadecadienoates (HODE) and hydroxyeicosatetraenoates (HETE) in macrophages of peripheral blood in rats exposed to Pb. In our study on two-month-old rats that received 0.1% lead acetate in drinking water during pre- and neonatal periods, we observed (unpublished data) significant increases in blood levels of lipoxygenase (15LOX) products: 15-HETE, 12-HETE, 9-HODE, and 13-HODE. These active products of lipid peroxidation may be responsible for the initiation and propagation of inflammation observed in lead poisoning.

4. Effect of Pb on Selected Acute Phase Proteins: C-Reactive Protein (CRP), Haptoglobin, Ceruloplasmin {#sec4-ijms-19-01813}
======================================================================================================

4.1. CRP {#sec4dot1-ijms-19-01813}
--------

CRP is mainly produced in the liver and fat cells in response to proinflammatory factors (IL-1, IL-6). Its major biological function is the ability to recognize microorganisms and damaged host cells, and mediate the process of their elimination by including complementary system and follicular cells \[[@B81-ijms-19-01813]\]. Elevated levels of CRP and a strong positive correlation between blood Pb and CRP levels have been observed in workers exposed to Pb compounds (Pb concentration in whole blood at 29.1 μg/dL) \[[@B82-ijms-19-01813]\].

4.2. Haptoglobin {#sec4dot2-ijms-19-01813}
----------------

Haptoglobin is responsible for the uptake of free hemoglobin in the blood; under inflammatory conditions, its concentration increases within 48 h to levels many times higher than normal \[[@B83-ijms-19-01813]\]. Kasperczyk et al. (2012) conducted a study in Southern Poland on a group of 192 male employees aged 22--58 who were exposed to Zn and Pb (exposure to Pb lasting from 4 to 37 years), and demonstrated that mean serum haptoglobin increased because of exposure to Pb (haptoglobin concentration in the control group was 117 mg/dL) and that the increase was dependent on the levels of Pb exposure \[[@B84-ijms-19-01813]\]. The haptoglobin concentration increased significantly in the low Pb exposure group (mean Pb-B less than 40 μg/dL, haptoglobin 153 mg/dL), and only slightly in moderate Pb exposure (mean Pb-B 40--50 μg/dL, haptoglobin 132 mg/dL) and high Pb exposure (mean blood Pb \> 50 μg/dL, haptoglobin 130 mg/dL) \[[@B84-ijms-19-01813]\].

4.3. Ceruloplasmin {#sec4dot3-ijms-19-01813}
------------------

Kasperczyk et al. (2012) showed that exposure to Pb increased ceruloplasmin levels. As with haptoglobin, the highest growth was observed in the low Pb exposure group (mean Pb-B Pb \< 40 μg/dL, ceruloplasmin 45 mg/dL, compared with 36.6 mg/dL in the control group). The increase in serum ceruloplasmin and haptoglobin may be indicative of the proinflammatory potential of Pb \[[@B84-ijms-19-01813]\].

5. Influence of Pb on Immune System Cells {#sec5-ijms-19-01813}
=========================================

Heavy metals, including Pb, are responsible for the impairment of cells constituting the human immune system.

5.1. The Effect of Pb on Lymphocytes T, B, and NK {#sec5dot1-ijms-19-01813}
-------------------------------------------------

In vivo research has shown that Pb is immunotoxic and causes depression of humoral immunity \[[@B85-ijms-19-01813]\], increasing host's susceptibility to bacterial and viral infections \[[@B86-ijms-19-01813],[@B87-ijms-19-01813]\]. In addition, although many studies have also shown that Pb affects the functioning of different types of cells, including immune system cells, the mechanism of this effect is not fully understood. It is known that one of the earliest events in lymphocyte antigen activation is an increase in the activity of protein tyrosine kinase (PTK) \[[@B88-ijms-19-01813],[@B89-ijms-19-01813]\]. An important consequence of this activation is the phospholipase Cγ (PLCγ) tyrosine phosphorylation, which subsequently catalyses the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) to diacylglycerol and IP3 \[[@B90-ijms-19-01813],[@B91-ijms-19-01813]\]. IP3 results in an increase in intracellular calcium levels \[[@B91-ijms-19-01813]\], which leads to cell transition from G0--G1 to the S-cell phase \[[@B92-ijms-19-01813]\].

In a study by Razani-Boroujerdi et al. (1999), carried out to determine if Pb stimulates lymphocyte proliferation by a similar pathway, the concentration of IP3 was determined in spleen cells after exposure to 50 ppm Pb \[[@B93-ijms-19-01813]\]. Because of Pb interference with the detection of ionized calcium by standard methods (Pb binds to commonly used indicators of ionized calcium), the effect of Pb exposure on PIP2 metabolism was measured by determination of the intracellular IP3 concentration \[[@B94-ijms-19-01813]\].

Within 5 to 7 min, Pb produced a significant increase in IP3 levels in spleen cells, suggesting that Pb can stimulate PLCγ activity \[[@B93-ijms-19-01813]\]. The increase in IP3 concentration was also reported in rat astrocytes exposed to Pb in a study by Dave et al. (1993) \[[@B95-ijms-19-01813]\]. However, Western blot analysis in a study by Razani-Boroujerdi et al. (1999) did not show a significant increase of PTK expression in Pb-treated spleen cells \[[@B93-ijms-19-01813]\]. It is thus unlikely that increased levels of IP3 in spleen cells resulted from PLCγ activation. There are other known IP3 synthesis pathways involving G protein-dependent PLCβ activation \[[@B96-ijms-19-01813]\]. However, there is no direct evidence that Pb induces a G protein-dependent signaling pathway in lymphocytes \[[@B93-ijms-19-01813]\]. The results of that study suggest that the lymphoproliferative activity of Pb may be due to increased synthesis of IP3, and Pb may stimulate PLC activity by a mechanism that is independent of PTK activation, and thus by a mechanism different from the activation of the lymphocyte receptor by antigen \[[@B93-ijms-19-01813]\].

Another study demonstrated that Pb can modify immune reactivity by affecting the direction of T cell precursor lymphocyte differentiation, as naive CD4^+^ T lymphocytes exposed in vitro to Pb had preferential Th2 lymphocyte differentiation \[[@B41-ijms-19-01813]\]. It was also shown that Pb can directly inhibit Th1 cell growth, resulting in decreased levels of IFNγ and IgG~2~a, and that it can also stimulate Th2 lymphocytes, resulting in increased production of interleukin 4 and IgG~4~ and IgE immunoglobulins \[[@B41-ijms-19-01813]\].

A study by Boscolo et al. (1999) showed that Pb has a stimulating effect on CD4^+^ lymphocytes and B lymphocytes, which results in an increase in cytokine production associated with dominant Th2 lymphocyte activation \[[@B97-ijms-19-01813]\]. Another study showed that the number of CD8 lymphocytes involved in the cytotoxic response increases in persons occupationally exposed to Pb (traffic police), accompanied by an increase in IgA levels and a decrease in the number of CD5^+^ B lymphocytes \[[@B98-ijms-19-01813]\].

Boscolo et al. (1997) demonstrated a reduction in the production of T and B lymphocytes (particularly CD4 naive lymphocytes and activated B lymphocytes, types CD3^−^CD25^+^ and CD3^−^HLA^−^DR^+^) \[[@B98-ijms-19-01813]\] and a reduction to 30--50% of NK cells performing the important anti-cancer function, as a result of activities related to the exposure to Pb \[[@B99-ijms-19-01813]\]. An in vitro study on the Pb stimulation of immune cells from a rat spleen showed that concentrations of up to 200 ppm Pb increased thymidine uptake, lymphocyte proliferation, and their maturation and reactivity in allogeneic and syngeneic reactions, and concentrations above 200 ppm inhibited these processes. It follows that Pb has a immunostimulating or immunosuppressive effect, depending on its concentration \[[@B93-ijms-19-01813]\].

Dyatlov and Lawrence (2002), in their aforementioned study, investigated the expression of T cell surface antigens in the blood of Pb-treated BALB/c mice using flow cytometry \[[@B30-ijms-19-01813]\]. The animals were infected with *Listeria monocytogenes* to see how exposure to Pb affected the symptoms of bacterial infection. Compared with the infected mice not exposed to Pb, the Pb-exposed and infected mice showed significant reductions in the expressions of thymic CD4^+^CD8^+^, CD4^+^, CD8^+^, and CD4^−^CD8^−^ \[[@B30-ijms-19-01813]\]. The researchers suggest that this may be related to the presence of a negative zinc balance in the Pb-treated animals in a bacterial infection. Decreased Zn concentrations may inhibit normal T-lymphopoiesis in the thymus \[[@B100-ijms-19-01813],[@B101-ijms-19-01813]\].

Lead causes increased expression of molecules of the major histocompatibility complex class II (MHC II) on the surface of B lymphocytes, thereby influencing their differentiation, possibly by affecting mRNA or post-translational synthesis of cell surface proteins \[[@B102-ijms-19-01813]\].

Many studies show that occupational exposure to Pb has no significant effect on the amount and cytotoxicity of natural killer (NK) cells \[[@B103-ijms-19-01813],[@B104-ijms-19-01813]\], even during concurrent exposure to cadmium \[[@B105-ijms-19-01813]\]. Therefore, we can assume that these lymphocytes are not the main target of lead immunotoxicity. On the other hand, we cannot completely exclude the occurrence of Pb-induced changes within these cells.

5.2. Effect of Pb on Macrophages {#sec5dot2-ijms-19-01813}
--------------------------------

In macrophages, lead causes dysregulation of proinflammatory cytokine production, such as TNF-α and interleukins 1 and 6, and the preferential production of Th1-type cytokines: IFNγ and IL-2 \[[@B106-ijms-19-01813]\]. Lead can also reduce the synthesis of nitric oxide in macrophages isolated from peripheral blood \[[@B106-ijms-19-01813]\].

Macrophages play a key role in both the immune response to lipopolysaccharide (LPS) and parasite infection. As antigen presenting cells (APCs), they appear to be the main target for lead.

A study by Flohé et al. (2002) \[[@B107-ijms-19-01813]\] investigated the potential influence of lead chloride (PbCl~2~) on the release of cytokines and other inflammatory mediators by bone marrow macrophages (BMMφ) from young female mice. The cells were pre-incubated with PbCl~2~ at various concentrations (0.2--20 μM) and at different times. The macrophages were then stimulated with 10 ng/mL LPS. The supernatant was collected after 7 h to determine tumor necrosis factor α (TNF-α), interleukin 6 (IL-6), and prostaglandin E2 (PGE2), and after 20 h in order to measure the concentrations of interleukins IL-10 and IL-12. Macrophages that were incubated with PbCl~2~ prior to LPS stimulation released more TNF-α, IL-6, IL-12, and PGE2 than control cultures (grown in a pure medium). That effect depended on the contact time and the PbCl~2~ concentration used. The amount of IL-10 determined in the medium of cells previously exposed to PbCl~2~ was lower in relation to the control. These data suggest that increased TNF-α release by macrophages initiated with PbCl~2~ may increase mortality in animals exposed to LPS. Earlier works seem to confirm that Pb increases the susceptibility to bacterial, parasitic, and viral infections in rodents \[[@B108-ijms-19-01813]\] and occupationally exposed workers \[[@B109-ijms-19-01813]\].

Dörpinghaus et al. (2016) investigated how Pb^2+^ influences the cytotoxicity of LPS, focusing on its effect on the synthesis of NO and TNF-α by microglia BV-2 line and macrophages of the RAW264.7 line \[[@B110-ijms-19-01813]\]. These lines are capable of producing both of these factors that contribute to the LPS-induced cytotoxicity. Cells were incubated with various concentrations of lead nitrate Pb(NO~3~)~2~ and lipopolysaccharide (LPS). The amount of TNF-α produced did not change under any of the concentrations of Pb(NO~3~)~2~ used, although a concentration-dependent protective effect of Pb^2+^ against LPS-induced toxicity was found. An increase in the Pb^2+^ concentration in RAW264.7 and BV-2 cells elevated the inhibition of NO release. Pb decreased the LPS-induced expression of the STAT1 transcription factor that is involved in transcription of inducible nitric oxide synthase (iNOS). This results in a reduction in the amount of iNOS enzyme and ultimately leads to a reduced release of NO. Although studies on cell cultures suggest an increase in tolerance to LPS under the influence of Pb^2+^ in vivo, blocking of NO production by Pb^2+^ may cause impairment of pathogen removal, and thus prolong the fight against infections \[[@B110-ijms-19-01813]\]. It is known that LPS induces apoptosis in macrophages \[[@B57-ijms-19-01813],[@B111-ijms-19-01813]\]. Lead can disrupt this action. Concentrations of lead acetate as high as 500 μM turned out to be non-toxic and did not lead to increased apoptosis in peripheral blood mononuclear cells (MNC) \[[@B112-ijms-19-01813]\]. Different results were obtained by Shabani and Rabbani (2000) \[[@B113-ijms-19-01813]\], who tested how different concentrations of nitrate influenced the programmed death in macrophages taken from rat lungs. The authors demonstrated DNA fragmentation even at low Pb concentrations and during short exposure, resulting in macrophage apoptosis. They also noticed an increase in the production of peroxide anion (O~2−~) after only 3 h of exposure. As macrophages are involved in phagocytic and immunoregulatory functions, an increase in superoxide anion production may cause abnormalities in inflammatory reactions and the immune system, as well as lead to tissue damage.

Another mechanism of the influence of Pb on NO levels is presented in Kasten-Jolly and Lawrence (2014) \[[@B114-ijms-19-01813]\]. It suggests that by reducing the amount of intracellular reduced form of glutathione (GSH) and reducing the GSH/GSSG ratio (GSSG being the oxygenated form of glutathione), Pb contributes to increased S-glutathionylation of cysteine residues of the NOS protein. In this way, the production of NO is uncoupling, which in turn results in a decrease in its concentration and increased production of O~2−~. They also indicate that exposure to Pb may affect the polarization of macrophages, which are APC cells, directing it towards the M2 phenotype.

5.3. Effect of Pb on Dendritic Cells {#sec5dot3-ijms-19-01813}
------------------------------------

Dendritic cells (DCs) are the most important APC for naive lymphocytes. Gao et al. (2007) investigated how lead can modify the development and function of dendritic cells \[[@B115-ijms-19-01813]\]. For this purpose, dendritic cells from the femur and tibia of female BALB/c mice were cultured with the addition of murine granulocyte macrophage-colony stimulating factor (mGM-CSF). The cultures were grown in variants with or without the addition of PbCl~2~ and LPS. Although a smaller proliferation was observed for Pb-treated cells, major histocompatibility class II (MHC-II) had much higher expression than that in cells not exposed to Pb. The authors also point out that Pb-exposed dendritic cells have a reduced expression of inflammatory cytokines and increased expression of IL-10. An increase in the concentration of this cytokine promotes the entry of dendritic cells into the type 2 immune response pathway. The effect of Pb was mainly seen on dendritic cells and not on T lymphocytes, thus the Pb-dependent modification of the dendritic cell function appears to be the main cause of Pb-induced type 2 immunity \[[@B115-ijms-19-01813]\].

In 2010, the same team developed a method to examine how toxic substances in the environment can modify the development and function of dendritic cells and, as a consequence, resistance \[[@B116-ijms-19-01813]\]. The researchers chose Pb as a commonly occurring xenobiotic, and dendritic cells taken from PbCl~2~-treated mice were selected as the study group. Next, the function and development of the cells was evaluated. Environmental exposure to Pb caused alteration in the immunophenotype, as well as in the expression of cytokines after cell activation. It was confirmed that the tested cells were able to polarize helper lymphocytes (Th) into Th2, thereby promoting a humoral response.

Pb can also have an effect on Langerhans cells (antigen-presenting cells in the skin) in the production of interleukin 1β and expression of appropriate surface antigens (CD54, CD86, HLA-DR) \[[@B117-ijms-19-01813]\]. It can also modulate the immune response of dendritic cells in the skin \[[@B117-ijms-19-01813]\].

6. The Effect of Pb on Immunoglobulins (IgA, IgG, IgM) {#sec6-ijms-19-01813}
======================================================

Pb can affect not only the cellular, but also the humoral immune response by reduced IgA and IgG production, thereby predisposing individuals to increased inflammatory diseases and cancers \[[@B118-ijms-19-01813]\].

Sun et al. (2003) conducted research on the immune system function in pre-school children exposed to environmental concentrations of lead \[[@B119-ijms-19-01813]\]. They examined 38 children with blood Pb ≥ 0.48 μmol/L---the study group---and 35 children with blood lead level ≤0.48 μmol/L---the control group. Analysis of IgG, IgM, and IgE concentrations in sera did not show statistically significant differences between the test group and the control. However, the influence of Pb on the levels of immunoglobulins tested was stronger in women than in men, as IgG and IgM concentrations were significantly lower in the blood serum of the girls in the study group when compared with the control, while an inverse dependence was found for IgE \[[@B119-ijms-19-01813]\]. Similar conclusions were made by Basaran et al. (2000) in their research on a group of 25 men occupationally exposed to Pb \[[@B103-ijms-19-01813]\].

A study by Sarasua et al. (2000) investigated the impact of environmental exposure to Pb on the immune system in over 2000 children and adults \[[@B120-ijms-19-01813]\]. There were no significant differences in the concentrations of immunological markers tested in adults and children over three years of age. However, in children under the age of three, increased levels of serum Pb, mainly those above 15 μg/dL, did correlate with increased levels of IgA, IgG, and IgM.

7. The Effect of Pb on Histamine, IgE, and Endothelin {#sec7-ijms-19-01813}
=====================================================

7.1. Histamine and Immunoglobin E {#sec7dot1-ijms-19-01813}
---------------------------------

In the available literature published after 1990, all authors indicate that Pb may increase the level of IgE in the blood of animals and people.

Farkhondeh et al. (2014) conducted a study in which serum inflammatory mediators and white blood cell (WBC) counts in the blood of sensitized and Pb-exposed guinea pigs were evaluated. Sensitized groups of animals were exposed to 0.1, 0.2, and 0.4 M during and after sensitization of ovoalbumin (OA). The authors showed that inhaled Pb can increase serum total protein, PLA2 (phospholipase A2), IgE, and histamine levels, total and most differential WBC counts in sensitized OA animals, which was more pronounced in animals exposed to Pb \[[@B121-ijms-19-01813]\].

A defining event in asthma is the release of eicosanoids, bioactive lipid metabolites of arachidonic acid (AA). The eicosanoids play an essential role in the inflammatory response, ultimately mediating vasodilation, vascular permeability, broncho-constriction, chemotaxis, and transcription of proinflammatory enzymes. AA, the precursor of eicosanoids, is produced by hydrolysis of membrane phospholipids by PLA2 \[[@B122-ijms-19-01813]\]. Activated inflammatory cells, such as neutrophils and alveolar macrophages, and tracheal epithelial cells, release PLA2 into interstitial or intravascular compartments \[[@B122-ijms-19-01813]\]. PLA2 has been shown to be released from activated mast cells, which are mainly involved in the allergic inflammation of bronchial asthma. Increased PLA2 activity has been demonstrated in serum and bronchoalveolar lavage fluid from asthmatics \[[@B121-ijms-19-01813]\].

A study by Heo et al. 1997 on mice exposed to Pb also demonstrated a significant increase in IgE levels \[[@B123-ijms-19-01813]\]. The results of the cited studies suggest that the exposure of asthma patients to environmental Pb contamination could exacerbate the symptoms of the disease \[[@B121-ijms-19-01813]\]. However, the influence of Pb on inflammatory processes is multidirectional, not yet fully understood, and requires further investigation. This seems significant because of increasing environmental pollution with heavy metals.

The results of a study conducted by Bener et al. (2001) showed a higher incidence of respiratory symptoms and asthma in workers exposed to Pb. In this study, the Pb-exposed group consisted of 100 male industrial workers working in heavy industrial duty, taxi drivers, petrol station gas filling workers, garage workers, chemical products, printing, building, metal industry, or other industrial activities \[[@B124-ijms-19-01813]\]. The non-exposed groups consisted of 100 male workers working in manual jobs not exposed to Pb. Industrial workers had a significantly higher mean Pb-B (77.5 µg/dL) than the non-industrial workers (19.8 µg/dL) \[[@B124-ijms-19-01813]\]. Pb-B exceeded the acceptable level (48 µg/dL) for occupational exposure to Pb, but the Pb-B among non-industrial workers (19.8 µg/dL) was also higher than the threshold level for adults (10 µg/dL) \[[@B28-ijms-19-01813]\]. In this study, the industrial workers had a higher prevalence of respiratory symptoms than non-industrial workers for phlegm, shortness of breath, and diagnosed asthma \[[@B124-ijms-19-01813]\]. Increased respiratory symptoms and decreased pulmonary function tests in workers exposed to Pb were also observed by Khazdair et al. (2012) \[[@B125-ijms-19-01813]\].

Additionally, Boskabady et al. (2012) observed that inhaled Pb acetate can increase white blood cell (WBC) count percentages of eosinophil, neutrophil, and basophil in broncho--alveolar lavage, as well as IL-4, despite a reduction in the percentages of lymphocyte IFNγ and in the IFNγ /IL-4 ratio \[[@B126-ijms-19-01813]\]. The same researchers also found that Pb can cause a further increase in total and differential WBC counts of lung lavage, as well as IL-4, with a reduction in the percentage of lymphocyte IFNγ and the IFNγ/IL-4 ratio in methacholine- and ovoalbumin (OA)-sensitized guinea pigs \[[@B127-ijms-19-01813]\].

7.2. Endothelin {#sec7dot2-ijms-19-01813}
---------------

Endothelin-1 (ET-1) is released by the endothelium and exerts a vasodilating effect by the activation of ETA-type receptors in the smooth muscles of blood vessels \[[@B128-ijms-19-01813]\]. Numerous studies have shown that ET-1 is not only a potent vasoconstrictor, but also a proinflammatory agent, for example by inducing COX-2 expression in intraglomerular mesangial cells, in myocardial cells, and in circulating leukocytes \[[@B129-ijms-19-01813],[@B130-ijms-19-01813]\]. In addition, ET-1 stimulates leukocyte adhesion to endothelial cells in the culture and stimulates the release of leukocyte cytokines \[[@B131-ijms-19-01813],[@B132-ijms-19-01813],[@B133-ijms-19-01813]\]. The effect of Pb on the concentration and activity of endothelin is ambiguous. Most authors report an increase in plasma endothelin-3 concentrations in Pb-treated rats, while endothelin-1 remains unchanged \[[@B134-ijms-19-01813],[@B135-ijms-19-01813]\]. Others show an increase in endothelin-1 concentrations in Pb-exposed rats at the same dose (100 ppm) and for the same period (three months) \[[@B136-ijms-19-01813]\].

8. Conclusions {#sec8-ijms-19-01813}
==============

The results presented in this review clearly demonstrate that lead (Pb) can play a significant role in the formation and development of inflammation in the body, acting both on the level of gene expression and the synthesis of proinflammatory proteins. It affects, among others, the expression of cytokines (IL8, TNF, IFNγ), the expression and activity of enzymes involved in inflammation (such as COX-2), some acute phase proteins (CRP, haptoglobin, ceruloplasmin), and intracellular molecules mediators (such as histamine and endothelin). It is responsible for the impairment of cells constituting the human immune system (lymphocytes T and B, macrophages, and Langerhans cells). Moreover, Pb can affect not only the cellular, but also the humoral immune response by reducing immunoglobulin production, thereby predisposing individuals to increased inflammatory diseases and cancers. To sum up, the influence of Pb on inflammatory processes is multidirectional, not yet fully understood, and requires further investigation, especially in the situation of growing environmental pollution with heavy metals.
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![Model of lead (Pb^2+^)-induced activation of the *IL-8* gene. The diagram presents a signaling pathway leading to the induction of the *IL-8* gene in human AGS cells (human caucasian gastric adenocarcinoma) after the administration of 0.1 μM Pb(NO~3~)~2~. Pb^2+^ activates the epidermal growth factor receptor (EGFR) and p42/44 mitogen activated protein (MAP) kinase phosphorylation, which then activates the protein heterodimeric transcriptional factor AP-1 (containing the c-jun protein), resulting in the activation of *IL-8* gene expression. The use of EGFR inhibitors (PD153035 and AG1478) resulted in a decrease in *IL-8* gene expression, but EGFR inhibitors were unable to fully abolish Pb(NO~3~)~2~-induced *IL-8* gene expression. The use of a MAP kinase kinase (MEK) inhibitor (PD98059) significantly suppressed *IL-8* gene expression.](ijms-19-01813-g001){#ijms-19-01813-f001}

![Mechanism of activation and inactivation Nrf 2 by Pb^2+^. In physiological conditions, Nrf2 binds to its inhibitor, Kelch-like ECH-associated protein 1 (Keap1). This is followed by the dimerization and then sequestration of Nrf2 in the cytoplasm. The Keap1--Nrf2 complex connects ubiquitin (via the Cul 3-dependent ligase) and is recognized by the 26S proteosome, where the Nrf2 transcription factor is degraded. After exposure to Pb^2+^, Nrf2 is released from the Keap1--Nrf2 complex, and translocated to the nucleus, where a small Maf protein attaches forming a heterodimer and CREB-binding protein (CBP). The incorporation of the newly formed complex into DNA initiates the transcription of antioxidant response genes and *IL-8* gene results in enhanced reactive oxygen species (ROS) and IL-8 synthesis.](ijms-19-01813-g002){#ijms-19-01813-f002}

![The signaling pathway that results in the production of tumor necrosis factor alpha (TNF-α) in macrophages after the stimulation by lead and lipopolysaccharide (LPS). Lead increases the expression of TNF-α in LPS-treated cells via post-transcriptional mechanisms. It thus increases the effect of lipopolysaccharide (LPS) that is uptaken by the CD14 receptor (cluster of differentiation 14) and its co-receptor TLR 4 (Toll-like receptor TLR 4). The diagram shows some of the transmitters potentially mediating the regulation of TNF-α expression. The signal is transmitted via the MyD88 adapter protein (myeloid differentiation primary response gene 88). One of the activated pathways is the MAPK pathway. MEK1/2 (mitogen-activated protein kinase kinase), MAPK (mitogen-activated protein kinases), and activator protein 1 (AP-1) are activated. The NF-κB factor (nuclear factor kappa B) activation pathway is also stimulated by the regulation of IKKs (IκB kinase) activity. The resulting AP-1 and NF-κB lead to enhanced transcription of TNF-α mRNA. PI3K--AKT pathway is also activated. Attachment of LPS to the receptor leads to the phosphorylation of PI3K (phosphoinositide 3-kinase), which then activates AKT (protein kinase B). There is a mutual adjustment between the NF-κB and PI3K--AKT signaling pathways. The activation of the above-mentioned signaling pathways by LPS and Pb results in enhanced TNF-α synthesis.](ijms-19-01813-g003){#ijms-19-01813-f003}
